Climate change impacts have manifold effects on public budgets. In this paper, we therefore use a computable general equilibrium framework to consistently analyze how both the expenditure and revenue side of public budgets are affected via climate change impacts in ten different impact fields in Austria by mid-century. We then investigate different options how reductions in public service provision can be counterbalanced by fiscal instruments or by foreign lending and the associated economy-wide effects. We find that without counterbalancing, climate change impacts on the government budgets are doubled when considering not only the direct effect on the expenditure side but also macroeconomic feedback effects which reduce the overall tax base. With counterbalancing, we find significant differences in budgetary and macroeconomic consequences across fiscal instruments. While an increase of the capital tax as well as a cut in transfers reduce the welfare losses of climate change, higher labor taxes amplify welfare losses. This is because higher labor taxes dis-incentivize employing labor, thereby increasing unemployment and unemployment payments by the government. A higher output tax also increases welfare losses, but less strongly than an increased labor tax. Finally, increased foreign lending reduces welfare losses twice as much as the cut in transfers or the increased capital tax in the short term, but leads to a higher deficit and government debt. JEL Classifications Q54 . Q58 . H23 . C68
Introduction
Fiscal sustainability or austerity is an important target for many countries across the world, which requires a balance between tax revenues and public expenditures on the national level. However, climate change impacts may lead to higher public expenditures for, e.g., disaster relief payments to households, or reconstruction of infrastructure [1] , causing an imbalance in public budgets. But climate change impacts also have adverse effects on the private sector such as tourism or agriculture [2] [3] [4] . This reduction in sectoral output reduces the tax base and thus lowers tax revenues, aggravating the imbalance between higher expenditures and lower revenues.
For a comprehensive assessment of climate change impacts on public budgets, it is therefore necessary to not only look into the direct effects of increased expenditures but also into the indirect effects of a reduced tax base [5, 6] . Eventually, the interplay of higher climate-induced expenditures on the one side, and reduced tax revenue on the other side, leads to less available budget for other public service provision such as health and education. In this paper, we thus analyze the combination of direct and indirect effects of climate change impacts on public budgets and explore different fiscal instruments to counterbalance the negative effects on public service provision and the respective macroeconomic consequences.
In the previous literature, the consequences of climate change for public budgets have been mostly addressed for mitigation. Both theoretical and empirical models were used to assess whether a double dividend emerges when a carbon tax or an emissions trading scheme is introduced and when revenues are used for reducing distortionary taxes [7] [8] [9] [10] [11] . A key finding in this literature is that the relative sizes of the tax interaction and the revenue recycling effect determine whether a double dividend arises or not (for a review, see [12, 13] ). [14] analyze how labor tax recycling can be used to reduce carbon leakage in case of a unilateral climate policy. Rausch [15] investigates how carbon pricing can be used to reduce government debt, i.e., to achieve fiscal consolidation. Franks et al. [16] compare a carbon tax to a capital tax as a means to finance public infrastructure and find that a carbon tax allows for capturing resource rents whereas capital taxes cannot be raised due to international tax competition.
Fischer and Fox
For climate change impacts (and adaptation), the question of implications for public finance is a comparatively new one. In the context of budgetary consequences of climate change impacts, there are two key questions to be answered: (1) do climate change impacts infringe on the fiscal stability of a country, in the form of a budgetary failure, and (2) how do different climate change impacts affect the government budget?
The first question is strongly linked to the literature on sustainable debt levels. In the context of climate change, few papers and reports have addressed this question, mostly in the context of extreme events and natural disasters [17] . Hochrainer-Stigler et al. [18] assess the vulnerability of public finance to disaster risks by looking into the public sector's ability to rebuild public infrastructure and to undertake disaster relief payments to the affected population. The main finding from this strand of literature is that budgetary failure is a risk mostly for developing countries due to higher exposure and sensitivity [19] .
Regarding the second question of how different climate change impacts affect the government budget, few studies investigate the effect of selected impacts on government budgets. Early estimates are provided by World Bank [20] who estimate additional investment requirements by the public sector and by Osberghaus and Reif [21] who provide back-of-theenvelope estimates for the direct costs of climate change for public budgets in the European Union. Lis and Nickel [6] use data from an extreme event database to estimate the impact of extreme events on the change in the budget balance for a panel of 138 countries. Leppänen et al. [22] estimate the effects of changes in climatic conditions for Russian regional government expenditures for the period 1999-2005 and find a comparatively small positive budgetary effect due to higher temperatures (milder winters). Delpiazzo et al. [23] investigate the budgetary implications of sea-level rise and adaptation in terms of changed public deficit. One shortcoming of the existing analyses (with the exception of [23] ) is that they are limited to the direct effects on public expenditures, but they do not address the indirect impacts via changing government revenues due to sectoral and macroeconomic effects of climate change (for a qualitative review of both direct and indirect effects, see [24] ).
To the best of our knowledge, this is the first paper that analyzes the direct and indirect effects of a wide range of climate change impacts to the government budget in such detail and in a consistent and comprehensive framework. We assess these impacts for the case of Austria by making use of a computable general equilibrium (CGE) model of the Austrian economy which takes account of climate change impacts in ten climate-sensitive sectors as well as public expenditures for disaster relief and reconstruction of public infrastructure [25, 26] . To ensure fiscal stability, we assume that the debt-to-GDP ratio needs to be constant, so that higher expenditures on climate-induced relief payments have to be balanced by reduced government spending on other purposes like education and health. To counterbalance such a reduction in public service provision, we analyze different fiscal instruments, as well as the option of foreign lending. While all of these instruments are set in such a way that public service provision is kept at the baseline level (without climate change), the instruments lead to significantly different effects in terms of the government revenues and expenditures, while also having different effects on welfare, GDP and employment.
The paper is structured as follows. Section 2 explains the methodology, starting with a non-technical description of the CGE model, followed by a qualitative description of the scenario framework, implemented climate change impacts, and finally the implemented fiscal instruments. Section 3 provides the results of the numerical quantitative analysis. Section 4 wraps up by discussing the results and giving conclusions.
Methodology

Non-Technical Model Description
To analyze the budgetary effects of climate change impacts, we use a single-country, comparative static computable general equilibrium (CGE) model of Austria (see Appendix for technical details and the algebraic formulation). The model covers 40 economic sectors using intermediate inputs as well as two production factors to create output according to nested constant elasticity of substitution (CES) production functions. Due to perfect competition and constant returns to scale, a zero profit condition holds for commodity markets and thus on these markets no monopoly rents arise.
There are two factors of production that generate income: labor and capital. Land and natural resources are not modeled separately but are part of capital and therefore capital rents also include land and resource rents. The representative private household is endowed with these two factors of production which generate her/his factor income. This factor income is spent for consumption (modeled as a nested CES function). Unemployment is modeled via a minimum wage. In addition to the representative private household, there is a government entity which provides public goods and services, financed by the following taxes: sales taxes on output, tax on capital gains, labor tax, value added tax, and export tax. All taxes are initially implemented as fixed rates and thus determine flexible government income, which in turn gives the total amount of available public budget. Regarding the labor market, the model includes unemployment, triggered by a minimum wage. International trade is depicted via the Armington assumption [27] , i.e., domestic goods/services are not perfectly substitutable for goods/services coming from abroad. The foreign balance is fixed at the share of the benchmark year (2008).
Scenario Framework
In our model assessment, we distinguish between three types of scenarios: the Baseline (BL) scenario, the Climate Change scenario, and the Counterbalancing scenarios. All scenarios describe different developments from the model base year (2008) to 2050. The end point 2050 is chosen because detailed projections on socioeconomic development (population, land use etc.) and long-term government budget planning are available up to 2030, with rough estimates also available for the period up to 2050. No projections are available for later points in time. The Baseline scenario incorporates SSP2 only, but no climate change. The Climate Change and the Counterbalancing scenario incorporate SSP2 and climate change by 2050 according to SRES A1B.
All scenarios are situated in SSP2 [28] , with intermediate challenges for mitigation and adaptation, from the model's base year to 2050. The implementation of SSP2 entails assumptions about population and settlement developments [29, 30] , economic growth (1.65% p.a. [31] ), climate policy (via an exogenous CO 2 price of €41/t [32] ), as well as the energy [32] and agricultural [33] sector (see [34] for more details).
As we are interested in average climate change impacts, climate change signals for 2050 are calculated as average changes for the future 30-year climatic period 2036-2065 relative to the average of the base period 1981-2010. This is done for a Bmid-range^climate scenario of a multi-model ensemble from the ENSEMBLES and the CMIP projects, downscaled to Austria (see figure 5.1 in [35] ). The Bmidrange^climate scenario represents the SRES A1B emissions scenario, which corresponds to the RCP 4.5 scenario (global mean temperature change of 2°C by end of the century). 1 The localized climate scenario is generated from the Regional Circulation Model COSMO CLM [37] forced with the Global Circulation Model ECHAM5. For this mid-range climate scenario, we find the following climate signals on the Austrian level: average annual temperature increases by 2.02°C relative to 1981-2010, average precipitation decreases by 9.2% in the summer half-year and increases by 6.5% in the winter half-year [35] . 2 The Counterbalancing scenarios build on the Climate Change scenario but incorporate the additional constraint that the provision of public services should not decline. To achieve this target, different fiscal instruments are introduced in the model that guarantee stable (i.e., Baseline-level) public service provision. These fiscal instruments are described in more detail in Section 2.4 below.
To summarize our approach, we compare different versions of climate change impact scenarios (i.e., with and without counterbalancing) to the Baseline scenario, to isolate the macroeconomic effects of climate change impacts while holding climate mitigation policy, i.e., the CO 2 price, constant. By comparing Baseline versus Climate Change and Baseline versus Counterbalancing, we can isolate the effects of the different counterbalancing instruments.
Regarding the development of the budget deficit, we assume that the government budget deficit grows at the GDP growth rate so that the deficit-to-GDP ratio remains constant over time (i.e., is the same in the base year and 2050), an assumption that is relaxed later on in one of the Counterbalancing scenarios. This is an empirically well-supported assumption for the structural deficit and is also in accordance with the Maastricht criteria.
3 The (structural) debt level in the different scenarios can then be calculated by accumulating the deficit levels over the period 2010-2050 and adding them to the debt level (structural debt) in the base year. In the results section, we then report the changes in two common indicators for the financial stability of a country: the deficit-to-GDP ratio and the debt-to-GDP ratio.
Climate Change Impacts and their Effects on Public Budgets
Climate change impacts are identified and implemented across ten climate change Bimpact fields^: Agriculture, Forestry, Water Supply and Sanitation, Buildings, Electricity, Transport, Manufacturing and Trade, Cities and Urban Green, Catastrophe Management, and Tourism. For each of these fields, several Bimpact chains^-describing stepwise the effects of changes of physical climate parameters to economic materialization-are quantified in separate analyses 4 and then 1 As shown in the Austrian Assessment Report 2014 [36] , the difference in climate signals between the different emission scenarios is very small until mid-century and only becomes more significant toward the end of the twentyfirst century. The focus on the A1B scenario is therefore no serious limitation of the current approach.
implemented into the macroeconomic CGE model via five different economic mechanisms: changes in production cost structures (e.g., a different production processes in Agriculture), changes in productivity (e.g., a lower productivity of the labor force in Manufacturing and Trade), changes in final demand (e.g., a shift from winter tourism to summer tourism), changes in investments (e.g., additional gas turbines to cover cooling peaks in Electricity), and/or changes in public expenditures (e.g., more relief payments undertaken by the government in Catastrophe Management). Table 1 summarizes the impacts which are implemented for each impact field as well as references to the (bio)physical impact models used for quantifying these impacts. Figure 1 shows how the five different mechanisms trigger effects on public budgets. The first mechanism (1) affects the level and structure of public expenditure directly, e.g., if the government is confronted with higher payments to replace damaged infrastructure due to more extreme events. Mechanisms (2)-(5) affect the level of revenues via a changed tax base (6), e.g., via climate change-induced productivity losses which reduce sectoral output or labor demand. This change on the revenue side in turn indirectly co-determines the level of expenditures since expenditures have to equal revenues (7). The resulting change in the structure and level of expenditure also has indirect effects on the tax base (8); e.g., if the government is confronted with higher payments to replace infrastructure damages due to more extreme events, this triggers construction activity which changes the tax base again. The government is thus confronted with an interplay of climate change-triggered reductions of tax revenue and increases of expenditure, leading to a change in the provision of public services (9) . In addition to these effects on the tax base and on the expenditure structure, macroeconomic effects also emerge within the general equilibrium framework.
Counterbalancing Instruments
Since a climate change-induced reduction of public services (e.g., health services, education or public infrastructure operation) is not desirable, we aim to keep expenditures on public service provision (i.e., government consumption in the CGE model) at the same level as in the baseline scenario without climate change. This Bcounterbalancing^can be done either by raising revenue, decreasing expenditure, or by foreign lending. We thus implement five different instruments for counterbalancing into the CGE model: (1) a uniform production output tax levied on all sectors (BOutput Tax^scenario), (2) an increase in labor tax (BLabor Tax^scenario), (3) an increase in capital tax (BCapital Tax^scenario), (4) cuts in transfers to private households (BTransfer Cut^scenario), and (5) foreign lending (BForeign Lending^scenario).
To illustrate how the different fiscal instruments work, we start with the analysis of the government balance which is given by: , and foreign lending FOLE (i.e., additional foreign lending which is initially set to zero). Variables ω and v are the wage rate and the capital rent, L and K are total available labor and capital supply, X i is total production of i, C i is total consumption of i, EX i are exports of commodity i, and t is the respective exogenous input or output benchmark tax rate.
With climate change impacts, there are changes both on the left-hand side (i.e., a fraction of WGOV is diverted from provision of other public services to, e.g., unemployment or climate-induced disaster relief payments) as well as on the right-hand side (i.e., a reduction in tax income due to a climate change induced reduction of the tax base). To ensure that nominal government expenditures (WGOV) remains at the same level as in the baseline scenario, 5 we implement different fiscal instruments.
In the Transfer Cut scenario, transfers to households denoted by variable TRANS are adjusted endogenously such that more financial resources can be allocated to WGOV.
In the Foreign Lending scenario, the variable FOLE is set endogenously to exactly the amount necessary to counterbalance the decline in revenue such that the baseline value of WGOV is obtained. Note that in the Foreign Lending scenario we assume an additional influx of financial resources into the country, with the corresponding costs for repayment being considered as an annuity payment. 6 While in the baseline scenario and in all other counterbalancing scenarios, we assume a constant deficit-to-GDP ratio, in the Foreign Lending scenario, we relax this condition and allow for an additional deficit, which increases the deficit-to-GDP ratio. The remaining fiscal instruments are implemented as tax scenarios (Output Tax, Labor Tax, and Capital Tax scenario). In the model, these input and output taxes alter sector-specific unit cost functions (see Appendix 2 for the exact nesting structures):
where c j are unit costs for production sector j, θ i is the value share of production input i (intermediate and factor inputs), p i is the price of input i, t IN i is the input tax rate on input i and t OUT j is the tax rate on sector j's output, and σ is the elasticity of substitution between inputs.
For the fiscal instrument Output Tax, the tax rate t OUT i is determined endogenously such that government's revenues increase sufficiently to obtain the same amount of WGOV as in the baseline scenario. In the cases of fiscal instruments Labor Tax and Capital Tax, the respective tax rate t IN i changes endogenously in a similar manner. 7 As a consequence of all three tax instruments, unit costs c j rise, leading to higher output prices and-in the Capital Tax and Labor Tax scenarioto higher factor prices as well. These effects in turn lead to substitution effects. In production, the shares of intermediate and factor inputs change across the whole economy, while in consumption, the composition of final demand changes, as well as the absolute level of consumption, since changing factor prices influence the household's disposable income.
For the numerical analysis, each instrument is treated as a single scenario, being then compared to a case without climate change (Baseline) and to a case with climate change but without any counterbalancing (BNo-Counterbalancing^sce-nario) to analyze the respective effects on government revenue, government expenditure, GDP, welfare, unemployment, and sectoral activity (turnover). Table 2 summarizes the effects of the different counterbalancing instruments. The first column shows the absolute values for the Baseline scenario without climate change (BL) in 2050, whereas the remaining columns show changes due to climate change with respect to BL (indicated by ΔCC) for the No-Counterbalancing case as well as for the five counterbalancing scenarios (i.e., instruments). We see that in the No-Counterbalancing scenario, total revenue and expenditure are − 0.3% lower than in the Baseline. On the revenue side, effects come mainly from lower labor tax revenue (− 0.4%) and lower production tax revenue (− 0.8%).
Results
Effects of Climate Change on Public Budget without Counterbalancing
In addition, climate change impacts increase expenditures on climate-induced disaster relief 8 (+184%) and expenditures on unemployment benefits due to lower aggregate output (+10%). These higher expenditures have to be compensated by a reduction in the provision of public services (non-climate government consumption). Since non-climate government consumption is relatively labor intensive, lower levels of consumption reduce labor demand and thus labor tax revenue declines. Taking both direct and indirect effects on government budgets together, and acknowledging that revenues and expenditures have to balance, yields a reduction in nonclimate government consumption by − comparing the direct effect on government expenditure (i.e., additional annual public relief payments of €574 million) with the overall effects from the changed tax base (i.e., changes in tax revenue due to climate change impacts of €584 million p.a.), we see that revenue losses are of the same magnitude, meaning that the indirect effects should not be ignored, as they might severely affect available budgets.
Regarding the macroeconomic indicators, both GDP and welfare (measured by Hicksian equivalent variation) are lower compared to the BL (by − 0.2% and − 0.6%) and unemployment is higher by 0.4%-points. Figure 2 illustrates which climate change impact fields contribute most to the total GDP and welfare effect for the NoCounterbalancing scenario (relative to the Baseline). While positive effects are triggered in Agriculture and Heating & Cooling (part of the Brest^category of impact fields), negative effects emerge from all other impact fields, particularly Forestry (due to reduced yields and higher pest infestations), Electricity (due to reduced potential from hydro power), Tourism (due to reduced winter tourism demand), and Catastrophe Management (higher expenditures on disaster compensation).
Figures 3 and 4 illustrate how each of the different impact fields contributes to the total effect on the different tax revenue and public expenditures categories (see Figs. 11 and 12 for absolute values). Impacts in the impact field Forestry translate to the strongest decline in tax revenues (especially production and labor taxes), but impacts in the Electricity, Tourism and Catastrophe Management fields also substantially reduce tax income. When looking at the expenditure side, we see a similar pattern. The negative effects are dominated by impacts in the impact fields Forestry, Electricity, and Tourism.
Effects of Counterbalancing
Coming to the effects of the different counterbalancing instruments, we see in Table 2 that the effect on non-climate government consumption is now less pronounced, but by construction not zero because we allow for increasing climateinduced relief payments (+ €547 million) which are displayed as an extra line. When summing up the changes in non-climate government consumption and climate-induced relief payments, they add up to zero, meaning that the counterbalancing instruments exactly meet their targets. Since we are interested in the effect of the different counterbalancing instruments, we compare the effects of the respective counterbalancing scenarios to the No-Counterbalancing scenario. Figures 5 and 6 show the effects on the revenue and expenditure side, respectively, given as differences between NoCounterbalancing (relative to BL) and the counterbalancing scenarios (relative to BL) in %-points. Figure 7 shows the changes for GDP, welfare, unemployment, and, for the Foreign Lending scenario, the change in the debt-to-GDP ratio.
In the Output Tax scenario, the endogenously determined additional output tax t OUT j to counterbalance government consumption is 0.2%. On the revenue side, this leads to higher production tax revenue of +8%-points, whereas all other tax income items show moderately negative effects. On the expenditure side, we see a positive effect on government consumption (the desired counterbalancing becomes visible here). Since economic activity is taxed at a higher rate, production and employment are lower (GDP and welfare, − 0.1%-points). Thus, the stimulating effect of more labor demand via the counterbalancing of government consumption is overcompensated by the negative scale effect of the tax. Hence, unemployment benefit payments are also slightly higher.
In the Labor Tax scenario, the required additional input tax t IN i on labor is 4.7%. This relatively strong effect is driven by a feedback loop: higher labor taxes incentivize employing less labor, thereby increasing unemployment benefits, which in turn requires even higher taxes to finance the additional benefits and the counterbalancing of government consumption. As expected, we see an increase in labor tax revenue (4%-points higher); however, since economic activity is negatively affected via strong labor market effects, the government faces a lower tax base and thus receives lower revenues from capital and value added taxes (− 3 and − 2%-points, respectively). The strong labor market effect becomes clearly visible on the expenditure side, where unemployment benefits are higher by +37%-points (+ €2.2 billion), but also when looking at GDP, welfare and unemployment (− 0.8, − 1.1, and + 1.3%-points, respectively).
In the Capital Tax scenario, the required increase in the capital tax rate t IN i is 0.5%. On the revenue side, the additional tax leads to higher tax revenue from capital of + 3%-points with only small effects on other tax revenues. Note that the effect on production and labor tax revenue is slightly positive, since production sectors shift from capital input to more labor input, leading to more labor demand. In addition, the stimulating effect of higher non-climate government consumption via the labor market becomes effective, leading to reduced unemployment (− 0.2%-points) and lower unemployment benefit payments (− 5%-points). GDP and welfare are affected positively. In the Transfer Cut scenario, transfers to households (TRANS) need to be cut by − 0.8%. On the revenue side, only the small indirect effects of this instrument become visible. There is slightly higher tax revenue coming from production and labor taxes (due to the stimulating effect of higher government consumption), but lower revenue from the value added tax, since there is less consumption possible for households in this case. On the expenditure side, non-climate government consumption increases (i.e., the counterbalancing) and transfers are cut. Unemployment benefit payments are lower since unemployment is lower as well (− 0.2%-points). GDP and welfare are higher by + 0.1%-points.
In the Foreign Lending scenario, additional necessary foreign lending (FOLE) for counterbalancing is €735 million. This means that the annual deficit increases by this amount, which in relative terms is an increase of + 9%. When relating the higher deficit to GDP, the annual deficit-to-GDP and debt-to-GDP ratio would increase by 0.1%-points (as stated in Table 2 ). Since this increase in the deficit generates a temporary additional income, a positive stimulating effect again emerges from higher non-climate government consumption. This leads to lower unemployment (− 0.1%-points). GDP-as well as welfare-are positively affected (+ 0.1 and 0.3%-points, respectively). However, when putting the additional debts into perspective, the positive GDP effect (0.1%) vanishes since the debt-to-GDP ratio increases by about the same magnitude.
The effects of the different counterbalancing instruments on sectoral activity (quantity effect) are given in Table 3 .
(Note that the model features 40 sectors; however, for presentation of results, we aggregated them to 10. See Table  4 in Appendix 2 for details.) In the Capital Tax, the Transfer Cut, and the Foreign Lending scenarios, counterbalancing generates a positive effect on service sectors, public administration, health, and entertainment, culture, and sports, since these four sectors cover about 95% of non-climate government consumption (Table 5 ). In the Output Tax scenario, however, these positive effects are less pronounced, in some cases becoming negative, as a result of output being taxed, which curbs economic activity slightly. Looking more closely at the Labor Tax scenario results, we see that the services, health, and entertainment, culture, and sports sectors show negative effects and public administration only a slight positive effect. Thus, although government consumption is balanced out successfully in terms of allocated budget (i.e., monetary absolute value, or in nominal terms) as indicated in Table 3 , the actual provision of public services (in quantities, or real terms) is below the baseline level. This is due to strong price increases in the Labor Tax scenario such that the government spends the same amount for public service provision, but only can afford (and thus provide) less in terms of quantities. The same is true for the Output Tax scenario, but to a lesser extent. 9 In order to check whether the qualitative results are robust with respect to the type and magnitude of different impacts, we additionally analyze in isolation the effects of all the fiscal counterbalancing instruments for the four most important impact fields (Forestry, Electricity, Tourism, Catastrophe Management), with the results given in Appendix 1 (Fig. 13 ). These four different climate impact fields work in different ways and have different magnitudes of effects on GDP and welfare (see Fig. 2 ). However, when applying the same set of counterbalancing instruments to each of these impact fields in separate runs, we see that the mechanisms behind the chosen instruments have very similar qualitative effects (or patterns) regarding GDP and welfare.
Discussion and Conclusions
In this paper, we address two research questions: How are public revenues and expenditure affected by climate change impacts? And, what are the macroeconomic effects of fiscal counterbalancing instruments? To give an answer to these questions, we deploy a computable general equilibrium (CGE) model for Austria, which features a rich set of climate change impacts in ten different climate sensitive sectors for a + 2°C climate scenario until 2050.
While different climate change impacts can have both positive and negative consequences for GDP and welfare, we find that by 2050 the overall effect on GDP and welfare in Austria is clearly negative. Because of a reduced tax base, the impact on public revenues, and hence also on expenditures, is negative as well. Moreover, due to higher government expenditures on climate-induced relief payments, the scope for the provision of other public services is diminished even further.
When comparing the direct budgetary effects (i.e., additional climate change-induced relief payments) to the effects which emerge via the tax base (i.e., changes in tax revenue), we demonstrate the importance of economy-wide analyses, as we show that tax revenue declines by the same magnitude as relief payments increase, meaning that the gap between public income and necessary expenditures doubles, when also accounting for indirect effects.
In a mid-range climate change scenario, as presented here, the interplay of reduced tax revenue on the one hand and increased necessary payments on the other hand leads to a reduction of public service provision of − 1.4%. It is therefore a legitimate question for whether fiscal counterbalancing instruments such as tax increases, cuts in transfers or foreign lending can mitigate this unfavorable side effect. In answering this question, we find that the type of instrument can strongly influence how the macroeconomy is affected, both in direction and magnitude of effects. While a rise in the capital tax, a cut in transfers or foreign lending reduce climate change-induced GDP and welfare losses (compared to the case without any counterbalancing instruments being implemented), a rise in the labor tax or output tax lead to increasing GDP and welfare losses. The reasons for this unfavorable effect in case of a higher labor tax is that unemployment and hence expenditures on unemployment payments increase, which reduces the scope for government demand and has overall strongly negative consequences for GDP and welfare. Furthermore, the Labor Tax scenario revealed that this fiscal instrument should be chosen with great care, as it may trigger strong increases in relative prices, lowering the purchasing power of the government's 9 In Appendix 1 ( Fig. 8 and 9 ), we also give the results when keeping real government consumption (quantities) constant. We see that effects are getting stronger, but do not change qualitatively. budget, leading in turn to lower actual public service provision than originally intended when implementing the instrument. We find little difference between a cut in transfers and a rise in capital tax. Both instruments increase revenues or reduce expenditures compared to the case without counterbalancing. However, we did not look into distributional impacts across different income groups which such a cut in transfer might have for certain income groups. Similarly, due to our small open economy setting in which other countries are only reflected via their trade flows, we cannot address the question of capital flight and hence reduce public revenues. If this effect is strong, a rise in the tax rate might lead to a reduction in capital tax revenues instead of the increase which we find in our model. Moreover, it is important to note that capital use, as in most CGE models, is referring to returns on capital from the Breal^(physical) capital stock, without considering the realworld complexity of financial markets.
Finally, increasing foreign lending has important long-term impacts when it comes to debt service. While we accounted for the increase in debt service due to the increase in foreign lending in terms of additional annuity repayments (corresponding to a 9% increase in the primary deficit which translates to an increase in the debt to GDP ratio by 0.1%), we did not consider potential increases in interest rates due to a worsened debt rating of the government and we also ignored that higher interest payments reduce the future scope for public expenditures.
Clearly, when looking at GDP, welfare, and employment, the labor tax instrument is dominated by all other instruments and the output tax instrument is dominated by the other three instruments. Among these three instruments, the ranking depends on the preferences and policy targets underlying public decisionmaking. When current welfare, GDP, and unemployment are of key concern, foreign lending performs best. If in contrast an expansion in government debt is not allowed for, the capital tax increase and the cut in transfers are to be preferred. The decision among the latter two depends finally on how strongly concerns of distribution matter, and on the importance of capital flight.
As this paper is the first to investigate climate change impacts on government budgets in a comprehensive and consistent way, several aspects of the current analysis need to be addressed in future research. A risk management approach, integrating uncertainties on climatic and socioeconomic developments, would be an important next step so that real world policy makers can improve their budgetary planning. Second, additional research could integrate some of the unintended side effects of the counterbalancing instruments discussed above, such as capital flight or pronounced effects for some societal groups. Third, there might be additional, non-fiscal measures a government can take to counterbalance negative consequences of climate change. 
Appendix 2 Model Description
General Model Description
The production structure of domestic production X is shown in Fig. 14 . A nested constant elasticity of substitution (CES) production function is applied: On the top level of production of commodity I a capital-labor-energy composite ((KL)E) can be substituted for an intermediate composite (INT) with the sector-specific elasticity of substitution top. On the second level of the nesting structure there are two branches: First, (KL)E is produced by a capital-labor composite (KL) and an energy composite E which can be substituted with a sectorspecific elasticity kle. Second, INT is produced by intermediate inputs coming from an BArmington-aggregate( including domestically produced commodities and imports), capturing all types of commodities, except COKE and ELEC (G i to G k ). The intermediate inputs can be substituted against each other with the sector specific elasticity int. On the third nesting level the composite KL is composed by K and L, whereas the composite E is composed by inputs from the sectors COKE and ELEC, respectively, with an elasticity of substitution of kl and ene. Concerning final demand of private households and the government, the welfare function is depicted in Fig. 15 . On the top level a non-energy composite (NE) can be traded off for the energy composite E with an elasticity of substitution of s. Similar to the production structure of domestic production the NE composite is produced using commodities G i to G k but with a different elasticity of substitution (nene). The energy composite E is produced in the same manner as in domestic production.
Algebraic Model Formulation
The CGE model is formulated as a system of non-linear inequalities. More precisely, the Arrow-Debreu economic equilibrium can be stated as a mixed complementarity problem (MCP) where three inequalities must be satisfied [42] : (1) zero profit condition for each commodity/sector, (2) market clearance condition, and (3) income balance condition. The first condition determines activity levels, the second price levels, and the third defines income levels. In the algebraic model formulation, the unit profit function π Z i is used for notation. Z is the regarded activity of sector (or commodity) i. The unit profit function is based on the constant elasticity of substitution (CES) production function in calibrated share form (see for example [43] ). Initial benchmark data refers to the year of 2008.
Zero Profit Conditions
The zero profit condition requires that any production activity which produces positive quantities must earn zero profits. Thus, the value of inputs must be greater than or equal to the value of outputs. Therefore either a positive amount is produced and profits are zero or profits are negative and the output is zero.
Production of X i Unit profits π of domestic production X of sector i (π . The latter part is determined by C X i (benchmark costs of item i in domestic production X) which is divided by X i (benchmark production of sector i). The resulting benchmark unit costs are then multiplied by sector-specific relative prices of inputs or input aggregates (equilibrium price p i divided by the benchmark price p i ) which are weighted with sectorspecific value shares θ i of inputs or input aggregates. Note that in the benchmark case, the whole term in curly brackets is equal to 1. Substitution elasticities between inputs or input aggregates are reflected by σ. 
Sector-Specific Capital-Labor-Energy Aggregate
Sector-Specific Capital-Labor Aggregate
Sector-Specific Energy Aggregate 
Aggregate Imports and Exports Exports are used to create foreign exchange (FX) which is used to purchase imports (IM). In the benchmark SAM, there are positive net exports. The resulting excess FX is assumed to be spent for investment (i.e., foreign investment). Labor Market Aggregate labor endowment L has to be larger than or equal to labor demand, which is the sum of all labor demanded by all sectors. Labor demand of sector i is calculated by derivation of the unit profit function of domestic production of this sector π X i with respect to the wage rate ω (price for labor) and multiplying it by the activity level of domestic production X i . We allow for unemployment in equilibrium by applying a minimum wage ω which has to be equal or greater than the price of the welfare good p W . L is rationed or expanded by an endogenous parameter such that this constraint is met. The change in this parameter then gives the change of unemployment. L ≥∑ i X i ∂π 
Income balance conditions Income balance condition requires that every agent's income must equal the value of endowments.
Household Income Household income IHH equals the total value of labor and capital income of private households (wage rate ω times benchmark labor endowment L plus rental rate v (price of capital) times benchmark capital endowment ( K ) plus unemployment benefits (UBEN) and other transfers (TRANS) from the government.
In addition, the private household is endowed with annual savings SAVE and depreciation DEPR, which drive the extent of annual investment. However, the composition of investments is flexible, hence the household does not decide whether to consume or invest, since investment is given exogenously.
Government Income
with FOLE being foreign lending.
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